We consider implications of the quantum extension of the inflationary no hair theorem. We show that when the quantum state of inflation is picked to ensure the validity of the EFT of fluctuations, it takes only O(10) efolds of inflation to erase the effects of the initial distortions on the inflationary observables. Thus the Bunch-Davies vacuum is a very strong quantum attractor during inflation. We also consider bouncing universes, where the initial conditions seem to linger much longer and the quantum 'balding' by evolution appears to be less efficient.
Introduction
Inflation is a simple and controllable framework for describing the origin of the universe. It relies on rapid cosmic expansion and subsequent small fluctuations described by effective field theory (EFT). Once the slow roll regime is established, the rapid expansion wipes out random and largely undesirable initial features of the universe, and the resulting EFT of fluctuations on the expanding background replaces them by small, nearly scale invariant spectra of scalar and tensor fluctuations. These eventually shape the structures in the late universe. The apparent simplicity of the technical tools employed in these calculations can be deceiving and easily lead to confusions if one fails to impose the requisite boundary conditions on the fluctuations. These boundary conditions stem from the proper enforcement of the range of validity of EFT which follows from the full covariant local theory of the inflaton coupled to gravity and matter into which the inflaton decays. Without these boundary conditions, there is no theory, and no meaningful calculations of any predictions.
An issue here is that the origin of inflation is still a mystery. The beginning of inflation might be described by some of the existing attempts, such as no-boundary, tunneling from nothing, pre-inflationary origin, or by eternal inflation in the multiverse. 1 The very details are largely irrelevant for the last 60 efolds when the observable features are generated, except for the choice of the initial state. The initial state need not be the standard Bunch-Davies vacuum [2] , but some deformation of it which has some memory of the initial conditions, whatever those may be. At the level of the EFT of fluctuations, this means that the initial state of the theory is an excited state on top of the Bunch-Davies vacuum. Now, this state must be described by the inflationary EFT in order to retain the standard predictionsotherwise, one would have no guarantee that the theory would reliably reproduce the leading order semi-classical results. So the initial state must be an excitation of the Bunch-Davies vacuum which involves energies only up to the EFT cutoff. This follows from the quantum no-hair theorem for de Sitter space, which selects the Bunch-Davies state as the vacuum with the IR properties ensuring cluster decomposition [3] [4] [5] , and from requiring that the excited states on top of it obey the constraints arising from backreaction, to ensure that EFT holds [6] [7] [8] [9] [10] .
Starting with this, we will investigate practical implications for inflationary phenomenology. Specifically, using the quantum no-hair theorem as the selection of the Bunch-Davies state, we will explore how quickly inflationary evolution wipes out the initial excitations and evolves the initial state to the point where it is practically indistinguishable from the Bunch-Davies vacuum. This 'thermalization' process will generically require an additional O(10) efolds, during which the initial excitations, random or entangled, will be reduced to be subleading to the intrinsic inflationary fluctuations in the Bunch-Davies vacuum that generate the CMB anisotropies and serve as the seeds for structure formation. Moreover, we will also see that the same thermalization dynamics of the quantum vacuum reduces the initial nonlinearities, implying that the initial non-Gaussianities also diminish in the course of inflation, and that the non-Gaussianities which survive the initial O(10) efolds are really due to the nonlinear effects in the inflaton sector rather than initial conditions. Hence there is a price to pay for using the Bunch-Davies state for the computation of δρ/ρ. The good news is that it is acceptable.
A similar argument used for the vacuum state employed in bouncing cosmologies generically shows that imposing the Bunch-Davies vacuum there is much costlier, since one must impose that the quantum state is homogeneous initially over many more orders of magnitude. Bouncing cosmology models therefore need to include a mechanism which explains how the quantum vacuum was achieved.
Transplanckian Addling and Cisplanckian Sangfroid
As a starting point we briefly review the so-called "transplanckian problem" of inflationary perturbations [11] , and point out a simple, logical resolution of the alleged problem. Indeed imagine an inflationary theory in the slow roll regime, and truncate the theory of the fluctuations to only the Gaussian sector. Focusing for simplicity only on the scalar field, in the longitudinal gauge one finds
where a is the scale factor in a flat FRW universe, Φ its scalar, Newtonian, perturbation generated by the inflaton perturbation δφ, because of the mixing induced by the time derivative of the inflaton backgroundφ 0 (η). Clearly, the system has only one degree of freedom, since once δφ is given, Φ is completely fixed. Turning to the dynamics of this degree of freedom, it is extremely convenient to use Mukhanov's curvature perturbation variable ϕ = aδφ − aφ 0 a/a Φ, which obeys a free field equation in the FRW background [12] . In momentum space,
where the ellipsis denotes the slow roll corrections. Since roughly Φ ∼ ϕ/a, we can follow the time evolution of the fluctuations by using the solutions of the free field equation (2) . Using the physical wavelength of the modes, λ(η) = λ 0 a(η) = a(η)/k, it is easy to see that
where H is the (nearly constant) Hubble parameter during inflation. The latter case describes the inflationary freeze-out of perturbations. The former case describes the evolution of fluctuations at subhorizon scales, ignoring their interactions. Now, the statement of the "transplanckian problem" [11] is that if one traces the fluctuations back in time, from the horizon crossing to the earlier stages of inflation, one finds that the wavelength shrinks exponentially, and before one blinks it will become shorter than the Planck length. Indeed, one can plot this as in Fig. 1 . This is then taken to mean that in order to really retain predictivity of inflation as a means for determining the late-time amplitude of fluctuations, one must specify the theory all the way to arbitrary short lengths. This might induce one to 'blame' the inflationary results on hidden 'fine tunings' codified in the choice of the Bunch-Davies vacuum for the EFT of fluctuations, which "evidently" must be sensitive to "transplanckian" physics.
Yet this reasoning does not account for the behavior of the amplitude of fluctuations for a given physical wavelength. Before the horizon crossing, the amplitude is not constant. As one sees from (3), Φ k ∼ 1/a ∼ 1/λ (as also plotted in Fig. 2 ). This is nothing other than the virial theorem, since for λ < 1/H the degrees of freedom of the scalar behave just like free harmonic oscillators in a cavity. Hence, as one decreases λ exponentially rapidly going back in time, one finds that its amplitude grows just as rapidly! If one takes the scale of inflation as the highest allowed that might fit the data, taking into account the bounds on primordial tensor modes, H < 10 13 GeV, fixing the amplitude Φ to 10 −5 when λ 1/H one finds that Φ ∼ 1 for λ > 10 Pl . Thus the linear perturbation theory in the Bunch-Davies vacuum breaks down well before the Planckian regime, and one cannot extrapolate the free field theory modes to transplanckian scales.
The reason is obvious from (1): if one attempts to treat the fluctuations classically on the background (1) when λ is short, gravitational effects become strong and the fluctuations distort the background dramatically. Linear approximation fails, and one cannot pass through this regime at one's whim [13] . The large blueshift factors enhance EFT interactions and the irrelevant operators cannot be ignored any more. One must use the full nonlinear theory to see what happens. In fact, even the background metric (1) doesn't really make sense for these fluctuations: Φ is really an expectation value of the metric perturbation in the quantum state of inflation, and the dispersion is too large. Qualitatively what happens is that dynamics at short distances yields all kinds of background distortions saturating with formation and evaporation of small black holes, that serve the role of the dynamical cutoff. At the shortest scales, some regions would collapse and inflation would never even start there. In other regions of space, however, high energy dynamics would be less destructive and inflation can begin [14] . These regions would initially not be as smooth and flat, but inflation would iron them out as it goes-at the classical and quantum level, too. So a part of the transplanckian confusion is the misidentification of the the quantum expectation value of the operatorΦ in an arbitrary state with the classical mode function Φ in the BunchDavies state. While this identification is correct in the Bunch-Davies state, it is not true in a general state where fluctuations are large.
This suggests a very different picture of the origin of the inflationary modes than the one implied by [11] . Instead of 'diving up' from under the Planckian cutoff, the curvature fluctuations come about from particle production in an external field [15] . The electromagnetic analogue is a field theory in a parallel plate capacitor. When the field is strong enough to create pairs of particles from the vacuum, they will pop up thanks to the quantum uncertainty principle (by way of the Schwinger mechanism). Mostly they will annihilate right away, but sometimes they will be grabbed by the background field, breaking its lines and discharging it by neutralizing some of the source charges on the plates. As a result, the field will decrease, and the charges will transfer their energy, after annihilating the sources, to the plate material, roughing it up. This is analogous to the generation of density perturbations a long time after inflation, when the curvature perturbations of the geometry yield the perturbations of the matter density generated at reheating. This roughing up of the plates will not be uniform since the stream of charges is not: thanks to the uncertainty principle, the intensity will fluctuate locally. But the imprint will remain, after all the charges and the field disappear.
Similarly, in the case of inflation, the scalar excitations will fluctuate in and out, and sometimes they will be pulled apart by de Sitter expansion. The rate of this process will be slow thanks to a flat potential with value significantly below the Planck scale, and slightly inhomogeneous because of the fluctuations. Some pairs will be created at short distances, and some will be separated more, with the average separation converging to 1/H at late times. But soon after the separation becomes ∼ 1/H the fluctuations, by now described by coherent states with a large occupation number, will cross the horizon and freeze. In this way the fluctuations are never really subject to any significant "transplanckian" influences. Simply put they never really probe physics beyond the Planck cutoff in a significant manner, thanks to decoupling. This picture will lay the foundation for our analysis that follows.
Boundary Action and Initial States
Here we first review the formalism for implementing the quantum boundary conditions on the state of inflation which ensures the validity of the EFT description of fluctuations of the inflaton. Following [6] , the basic idea is to supplement the action for the field whose perturbation we are considering with a term evaluated on a space-like boundary which encodes the initial conditions for the field. In particular, for a massless scalar 2 one has
where γ is the induced metric on the space-like surface Σ, and κ(x, y) encodes information about the initial state of φ. For a translation invariant state one has κ = κ(|x−y|). Variation of the action with respect to φ (demanding, of course, that the variation is not set to zero on the boundary, since otherwise we'd be tuning the initial state to be Bunch-Davies) yields the usual bulk equation of motion, along with the boundary condition
where ∂ n ≡ n µ ∂ µ is the derivative normal to the boundary. Fourier transforming, and expanding the field in terms of creation and annihilation operators,
the mode function ϕ + obeys (5). Reference [6] emphasizes that the physics is encoded in the mode functions, and so the precise location of the boundary is arbitrary, so long as one also changes κ so as to ensure that (5) is still satisfied. Thus we can fix the boundary at the conformal time η 0 , and so ∂ n = ∂ η /a. Let us now use ϕ ± to denote the mode functions in the Bunch-Davies vacuum, and denote their counterparts in more general states by ϕ b . The massless scalar field modes are the Hankel functions,
∓ikη , and so the effective 'interaction' of the modes in the Bunch-Davies state is given by
We will treat the corresponding quantities in a general state as a perturbation of the BunchDavies operators. This yields
2 A good leading order approximation for the fluctuations of a light inflaton in slow roll.
Using (5) and the Klein-Gordon normalization of the mode functions
Then a straightforward calculation shows that with the modes defined by (8) , the Green function is
where
b is the Green function in the Bunch-Davies state.
Backreaction
The mathematical tools above allow us to estimate the backreaction of the excitations in the initial state on the evolution. For the description to be selfconsistent, the backreaction must be subleading to the background effects in controlling the evolution. Otherwise, we would have to choose a different background on which to define the perturbation theory. A simple way to proceed is to consider the expectation value of the stress-energy tensor in the excited state as a leading order measure of backreaction; this follows from the Ehrenfest's theorem. The nonzero value of δ b|T 0 0 |b in the excited state must not overwhelm the background sources and impede inflation.
For a scalar field, the stress-energy tensor is
g µν ∂ λ φ∂ λ φ, and so
Since we are working in the approximation where the field is massless, we must regulate the IR divergences. A natural IR cutoff is given by aH, since comoving momenta smaller than this have already exited the horizon [16] . In principle we need to impose a UV cutoff. Because we will be working only at the tree level here, the precise form of the regulator is not so important, as long as it remains covariant so as to reflect the underlying symmetries of the spacetime and physical observables. Its principal purpose is to regulate the backreaction in the semi-classical limit. The UV cutoff may be directly implemented at the leading order by considering the states with finite occupation numbers relative to the Bunch-Davies vacuum. Alternatively, one can impose the cutoff by hand, as for example in [7] , where the high energy states are cut off by regulating the momenta according to
0 in the integrand in (11) . In that case, one can consider larger expectation values of the 'bare' number operators, with the physical expectation values nevertheless suppressed by the explicit nonlocal cutoff.
The terms in (10) involving e −ik(2η 0 −η 1 −η 2 ) will approximately integrate to zero, and so the leading back-reaction effect is actually given by the second order corrections to the state:
where the last line is of course valid only if δκ is sufficiently blue so that the integral is dominated by the UV contributions. The explicit cutoff has been retained for completeness and illustrative purposes. One sees that the back-reaction is UV finite if δκ ∼ k −(1+ ) or more suppressed. In this case, we can drop the exponential cutoff in (12), essentially by taking the limit M → ∞. If on the other hand the function δκ has less intrinsic suppression for large momenta k it is essential to keep the cutoff M finite. This scaling behavior, as we will see below, is crucial to ensure perturbativity of the theory in the covariant local limit. We will return to this in what follows. In any case, one sees that the back-reaction redshifts away like a γ , 2 ≤ γ ≤ 4. This represents a finite renormalization of the stress-energy tensor which corrects the background via its gravitational effects. Specifically, in this state the effective Friedman equation with the backreaction included is
|b . Using it we can derive three constraints on the scale of backreaction:
• Demanding perturbativity yields
• Requiring validity of the slow roll leads to
• Finally, retaining scale invariance of the scalar power spectrum implies
The third constraint yields the strongest bounds on the initial state. However, this constraint really only applies when modes we can observe on the CMB leave the horizon, and becomes equivalent to the second one within a few efolds.
Correcting Observables
Now we can check the scaling of the corrected power spectrum in an excited state. The power spectrum of fluctuations is
In [6] [7] [8] [9] [10] the change of a state is due to an irrelevant boundary operator, which in turn is due to integrating out unknown high energy physics. This suggests the following parametrization, involving an explicit momentum dependence which suppresses the deformations in the UV in the construction of the initial state:
Here M is the UV regulator, and β n a dimensionless coefficient. In principle M could be different from the cutoff M of the previous section. Note that demanding n < −1 ensures finiteness of the stress energy tensor in the excited state even without the nonlocal cutoff, as we have seen in Eq. (12). We will mostly work with this requirement, although we will reflect on the situation where the suppression of δκ is weaker and the explicit nonlocal cutoff exp(∂ 2 /a 2 0 M 2 ) is used. The correction to the power spectrum is
Reβ n sin 2k
Reβ n cos 2k
Now, the quantum no-hair theorem in de Sitter space [3] [4] [5] tells us that, if the state is modified by applying field operators to the vacuum at a time η 0 , then correlation functions at a later time receive only an exponentially small correction compared to their values in the Bunch-Davies state. In other words, they are redshifted as momenta due to de Sitter expansion. Since the power spectrum essentially measures the modes as they leave the horizon, the correction to modes that were deeply sub-horizon at η 0 are exponentially suppressed. Indeed, from (18) one has
which is already exponentially suppressed (by powers of a/a 0 exp(Ht)) for n < 1. As noted above, the condition n < −1 guarantees the finiteness of the corrected stress energy tensor. Indeed a careful examination of the quantum no-hair theorem, analyzed without the nonlocal cutoff exp(∂ 2 /a 2 0 M 2 ), confirms that excitations contain a UV finite number of particles compared to the Bunch-Davies state [3] [4] [5] . This does not come as a surprise. It is well known that the standard approach to QFT fails in states which are separated from the Bunch-Davies vacuum by infinite occupation numbers, such as α-vacua [17] [18] [19] [20] . Some of the problems are discussed in [21] [22] [23] . If the initial state is an excitation of a Bunch-Davies vacuum described by a low energy theory with heavy states and higher dimension, irrelevant operators integrated out, the UV completeness of the theory implies that in a general excited state the occupation numbers are finite, and the perturbation theory is meaningful [24, 25] . These are the states with n < −1 which we have been mainly focusing on. Alternatively using the nonlocal cutoff exp(∂ 2 /a 2 0 M 2 ) [7] , one may be able to sharply suppress the UV effects regardless of their origin. This shows that the seeming enhancements for n ≥ −1 are merely an illusion, since they are unphysical. If the cutoff is explicitly inserted, the exponential suppression due to it completely overwhelms any power law enhancement with k for n ≥ −1, for M < M Let us confirm this by computing the occupation numbers in an excited state. The number of particles per unit volume, compared to the Bunch-Davies vacuum, is
The large k behaviour of the integrand is
In either case we see that δκ ∼ k n with n < − 1 2 ensures that the number of particles in the UV is finite. Thus physically realistic cases do indeed obey the no-hair scaling, and a nonlocal cutoff is not required. Note that this condition is weaker than the requirement that the extra energy density is finite, n < −1 following from (12) . However it is still stronger than the requirement that the change to the power spectrum decays for large k (n < 1). The main reason for this is that the backreaction and particle number involve integrals of δκ which smear out the momentum dependence, whereas the local operator for the power spectrum does not. The power spectrum is thus the least sensitive observable to the UV distortions of the theory, and one can easily err by picking for initial states such configurations where the power spectrum might not be affected too much, even if the state itself is unphysical.
Excitations as Squeezed Bunch-Davies
So far we have been referring to the non-Bunch-Davies initial states as 'Bunch-Davies' excitations in a somewhat heuristic way, basically taking it on faith that the identification is correct. The observables computed in these states indeed support this. However we can take this one step further, and make it precise. We do this by actually constructing these states as normalizable deformations of Bunch-Davies. To this end, we deploy the general formalism found in [26] , with the result
The summation is over the n! 2 n/2 (n/2)! ways of forming pairs from {k 1 , k 2 , . . . k n }. In terms of the Bogoliubov coefficients which relate the operators which annihilate |b to those which annihilate |0 one has
In this case the Bogoliubov transformation is 'diagonal', with
Reading off the coefficients from (8) we find
where the second line identifies the operator which turns the Bunch-Davies vacuum into the modified state. Note that this is precisely a squeezed state on top of the Bunch-Davies vacuum, akin to the α-vacua [17] [18] [19] [20] , but with an explicit UV suppression manifest in the function b(k). This ensures that the occupation number is finite, and that the transformation (24) is normalizable. Indeed, using Eqs. (17) and (9) we see that for n < 1
Not surprisingly by now, we see yet again that the integrals in (24) will be finite for n < −1, as evidenced by the suppression of b in the last line of (25) . Without such behavior we would have to explicitly cut off the momentum integral in (24) to keep the transformation normalizable.
Quantum Inflation
Inflation in its standard form is a mechanism to get rid of initial inhomogeneities and anisotropies. Once the cosmological constant-like source starts to dominate the expansion, (almost) everything else dilutes away [27] [28] [29] [30] [31] . Intuitively-by invoking Ehrenfest's theorem-this must also happen with initial quantum excitations of the Bunch-Davies vacuum. Indeed, now we can show this explicitly. Moreover, we can also compute precisely how many efolds it takes to suppress the effect of the initial excitations on the observable predictions of inflation to below their intrinsic dynamical value, obtained by the computation in the Bunch-Davies state. In other words, we can precisely state the 'cost' of the choice of Bunch-Davies as the initial state of inflation in terms of the number of efolds it takes prior to the last 60 efolds in order to iron out generic initial excitations. So let us take as the initial state a deformation given by (17), with n < −1 so that the quantum correction of the stress-energy tensor is finite. In this case we can drop the exponential cutoff factor from (12) . Then, direct computation yields
where c(n) =
. Let the parameters β and M be such that at a = a 0 the extra stress-energy contribution is just large enough to disrupt slow-roll. Clearly this is the maximal value allowed at the beginning of the slow roll phase, by the fact that the slow roll is attractor for a sufficiently flat inflationary potential. Eq. (14) then yields
c(n) + c(n − 1)|. Using this we can calculate the change to the power spectrum at a later time. Using (19), we find
The inequality holds for n −13. For larger negative values of n the dimensionless factor can be larger, but the redshift suppression ∼ (a 0 /a) 1−n is so efficient that these cases are essentially ignorable.
Indeed, while the contribution of the initial excitations to the scalar power spectrum (28) may be very large initially, since
5 , the correction dilutes at least as quickly as 1/a 2 because n < −1. The number of efolds to reduce the initial ratio to a desired value is
Thus to suppress the contribution from the initial condition to δP to be below ∼ 10 −2 of the Bunch-Davies value P BD , using the slow roll parameter ∼ 0.01 which allows O(100) efolds of inflation, one has
For the highest scale inflation, H/M Pl ∼ 10 −5 , and most UV sensitive distribution of excitations, n ∼ −1, this yields
For lower scale inflation, N should be larger, but generically it will not take much more than N ∼ O(10) efolds to reduce the initial excitations to the level where they affect scalar perturbations by less than a percent, at which point they are completely negligible. Remarkably, this completely confirms the intuition that the erasure of the initial distortions of the quantum vacuum during inflation takes about 10 or so efolds [21, 22] . We should still verify that the third of the backreaction constraints is obeyed. However this is straightforward. From (15) one sees that this will be satisfied when ∆(a) has decreased by ∼ 8 ∼ 10 −3 which happens after ∼ 3 efolds, i.e. even sooner. Note that the cost of preparation of the initial state as measured by the number of efolds that it takes to erase the excitations increases as the scale of inflation is lowered. The reason is that the while background energy density is ∼ H 2 M 2 Pl , the perturbation to the energy density is ∆ ∼ H 4 , because it arises from relativistic inflaton fluctuations at subhorizon scales. Therefore the requirement that the perturbation is just about to disrupt slow roll when a = a 0 means that the the size of the perturbation as measured by β or M must be larger for smaller H. In other words a relatively larger initial excitation is allowed. This is why it takes longer for this perturbation to wash away.
Non-Gaussianities
The no-hair theorems in de Sitter [3] [4] [5] proscribe all hair-not just that endowing the two point function. This includes non-Gaussian signatures also, which is indeed why they are small during inflation [32] . Nevertheless it is interesting from a phenomenological point of view to consider whether the effects induced by initial excitations on higher point correlators might be more resilient to inflationary washout. In other words, does one need more efolds than (30) to bleach nonlinear hairs?
To test this, we turn to the three-point function of the perturbation field. The effect on the three-point function from non-Bunch-Davies initial states has been calculated in [33] . We can translate the result of [33] into our language, and interpret it in the context of the no-hair theorem. The relative change in the three-point function of the scalar curvature perturbation ζ, in the high frequency limit where gravity is decoupled, yields
where k t = i k i , andk i = k t − 2k i . Due tok i in the denominator, δ 3 is maximized in the so-called 'folded limit' defined by takingk i → 0 for some i. This case is interesting as other effects which alter the three-point function do not display this signature (occurring instead in the equilateral and squeezed limits). Thus any unusual behavior in the folded limit might indicate significance of a non-Bunch-Davies initial state. Let us now write δκ as in (17), and use the backreaction constraint to eliminate the β and M parameters via (27) . As before we take generic phases of β, assuming Re(β) ∼ Im(β) ∼ |β|. In the folded limit of (32), setting k 2 = k 3 = 1 2
For a mode leaving the horizon at k = aH, this is larger than the fractional change in the power spectrum by a factor a/a 0 . However the constraints on the primordial contribution to the three-point function are much less severe than those on the two-point function. So a value of δ 3 which is larger than δP P BD is still practically irrelevant. In particular, using (29), we can write
and so for H ∼ 10 −5 M Pl , when the fractional change in the power spectrum is 1% the fractional change in the three-point function for n = −1 (which gives the largest effect) is at most O(1). Thus the non-Gaussianities induced by initial conditions will be suppressed down to the level of intrinsic dynamical non-Gaussianities-induced by scattering in the Bunch-Davies vacuum-by the same O(10) efolds which prepared the Bunch-Davies state. Any longer stage of inflation prior to the last 60 efolds will suppress them even more.
Furthermore, as noted in [33] , the extra factor of k a 0 H in δ 3 compared with the modification of the scalar power spectrum essentially gets washed out once one considers the projection of the three-point function onto the two-dimensional surface of last scattering. In this case the change in the bispectrum would be irrelevant at the same time as the change in the power spectrum. 5 
Vacua and Bouncing Universes
Our results-in particular the expression in Eq. (30) for the number of efolds that it takes to set up Bunch-Davies as the proper quantum state of inflation-confirm that inflationary quasi-de Sitter expansion is indeed the mechanism which smooths out the universe at both the classical and quantum levels. The formal no-hair theorems establish this. The 'thermalization rate' of Eq. (30) (in the sense of the initial excitations being reduced below the level of the quantum quasi-de Sitter fluctuations) is quite rapid. In a way, this is perhaps not too surprising since, after all, exponential expansion relies on the induction of large redshift factors in all initial deviations from the de Sitter vacuum, which enforce decoupling. Indeed, decoupling is the key reason for the dynamics of de Sitter thermalization of the initial state. The effects due to these distortions at later times are suppressed dramatically by the redshifts, both classically and quantum-mechanically.
The situation is less clear in the so-called bouncing universes. These models rely on a period of contraction prior to a bounce and eventual re-expansion as a possible alternative to the generation of the inflationary perturbations (see e.g. [34] for a review). It has been pointed out that such scenarios suffer from severe fine-tuning problems relating to their classical initial conditions (for example see [35] [36] [37] [38] ). These prompted the proposal for cyclic universes where the classical fine-tuning problems are addressed by repeated incarnations of the universe (see [39, 40] for some details of the idea and its critique). Some aspects of the quantum mechanics of fluctuations in the bouncing analogue of the Bunch-Davies state have been analyzed (see e.g. [41, 42] ), however a general discussion of how the Bunch-Davies state is attained appears to have been overlooked to date. Without getting into detailed discussion of the bounce dynamics (and what may or may not cause it) we wish to merely point out the difference between quantum state selection and evolution in inflation and in bouncing universes. Whilst in inflation the Bunch-Davies state is an attractor, it is far less clear that this is true in bouncing cosmologies. Hence such models need to be explored in more detail to see if a quantum attractor mechanism exists, that would justify the calculations of the perturbations in the Bunch-Davies state.
To make things more precise, we consider a flat FRW universe with scale factor a = a 0 (t/t 0 ) p = a 0 (η/η 0 ) p 1−p , with η ∈ (−∞, 0) and 0 < p < 1. The mode functions for a massless scalar in the Bunch-Davies vacuum are
ν is the Hankel function of the first kind, and its order is ν = . Note that the case of an expanding de Sitter universe can be formally reached by taking the limit p → ∞, or ν → 3/2. On the other hand the phase which is argued to be crucial for scale invariance in bouncing cosmologies, corresponding to a very stiff equation of state P/ρ 1 [41, 42] , yields p → 0, and so ν → 1/2.
Let us now consider what happens if the initial state is not exactly the Bunch-Davies one. Note that this state describes the universe well before the bounce stage, and in principle it should be describable by means of a standard EFT. Thus following the general formalism for estimating backreaction, by Eq. (12) the change in the energy density due to a deviation from the vacuum is ∆(η) = 3π 128
where the ellipsis refers to more terms of a roughly similar form. Note that the integral is UV finite for δκ ∼ k n with n < −1, just as in the inflationary case, thanks to the behaviour of Hankel functions for large argument. Indeed, for large argument, H ν (x) ∼ e ix / √ x which means that each power of the Hankel function in (37) contributes a power of 1/ √ k to the integrand. Thus at large momenta, the integrand behaves as ∼ k|δκ| 2 . Also note that ∆ involves a prefactor ∼ a −2 and so, unlike in the case of inflation, as time goes on, and the universe shrinks, ∆ increases. The explicit η-dependence in the integral cannot counter this, as the Hankel functions blow up for small argument, rendering the mode functions finite. Nevertheless the background energy density driving the contraction behaves as ρ ∼ 1/a 2/p . Since p < 1 this grows more quickly than the perturbation ∆, subduing the backreaction. This keeps control of the collapse at the classical level [41, 42] .
The question is, what happens with the corrections to the observables due to the excitations ensconced in the initial quantum state of collapse, when it is not the Bunch-Davies
Summary
The standard calculation of inflationary perturbations involves the computation of the spectrum of fluctuations of relativistic fields in the Bunch-Davies vacuum. On the other hand, one can-and should-imagine that the initial quantum state of the universe in the beginning of inflation is more general, and check the effects of the more general choices on the observables. After all inflation is the mechanism for smoothing the initial conditions away using accelerated expansion as the attractor dynamics.
At the quantum level, the same phenomenon occurs under the control of the quantum cosmic no-hair theorem. Inflationary expansion induces large redshift factors in the expectation values of observable operators in generic initial states which rapidly diminish the effects of initial excitations. The underlying physics of the quantum balding of an initial state is just decoupling, whereby the IR observables are insensitive to UV effects due to the large relative redshifts. Using EFT estimates to determine the scale of initial excitations due to their backreaction on the background, we find that the effects of initial excitations reduce to insignificant levels within O(10) efolds. This occurs for both scalar power spectrum and non-Gaussianities. If inflation involves O(10) efolds preceding the last 60, the quantum effects of initial conditions are wiped out.
If one constructs general non-Bunch-Davies states in EFTs, which in addition might not have readily available UV completion, one needs to regulate such states with explicit cutoffs such as exp(∂ 2 /a 2 0 M 2 ). In such states, the exponential suppression due to the cutoff suppresses high energy effects extremely efficiently, as long as M < M Pl . One might be able, using this, to set up initial states with large excitations. However once their time evolution is encountered, the redshift factors suppress the initial excitations very rapidly and the excitations become negligible as inflation goes on. Such states might yield larger signatures in "just-so" models where inflation lasts only O(60) efolds, but this requires finetuning both the theory and the initial state from the model building point of view. Some recent examples are [43, 44] .
In the case of bouncing universes, the dynamics is different. As a result, the EFT description permits much larger initial excitations which are much harder to suppress. The resultant Bunch-Davies state typically used for computing the perturbations is a much weaker attractor. Hence if one starts with generic initial conditions in the collapsing phase, one has to pick more carefully the right initial state as a function of the duration of collapse to get the observed quantities. By itself, this is a fine tuning. A dynamical mechanism explaining it would be preferable. Perhaps this could be alleviated in cyclic universes [39] where the universe undergoes many stages of collapse followed by expansion, with a late long phase dominated by a small cosmological constant. In this case the 'bleaching' of the quantum state of the universe to a Bunch-Davies vacuum would be done by a long late low scale inflation [45] . This does not seem like a very economical scenario since the dilution requires very long times (see e.g. [46] ). But if the number of cycles is large. . . A more careful investigation would seem to be warranted to test these issues.
We note in closing that our analysis does not preclude large effects due to the quantum initial conditions on the post-inflationary universe. It does make them very unlikely however, if inflation is longer than the minimal 60 efolds. If for example inflation is large field slow roll, it can easily last longer than 60 efolds, by at least O(10) efolds, and as we see the initial excitations of the quantum state of the universe will be suppressed to very small levels. Similarly, in the case of false vacuum inflation, where the last stage happens after the tunneling out of a false vacuum (see, eg, [47, 48] ), the quantum state on the onset of the last stage is prepared to be the Bunch-Davies one by the long time the universe lingered in the false vacuum. Again, the quantum excitations will be grossly suppressed. To avoid this, one needs a 'just-so' inflation: the last 60 efolds need to start with a 'bang' which provides a large initial sudden excitation, disrupting the adiabaticity of cosmic evolution [13, 25] . While perhaps possible, such dynamics seem to be tuned.
